cases (in 1994 and 1995) after which the distraction device was applied internally in all patients.
There were some drawbacks associated with external distraction because the devices were not exclusively manufactured for craniofacial distraction and were too large, too conspicuous, and too heavy. Additionally, skin lacerations caused by movement of external fixation pins were likely to develop. To overcome these problems, we developed two internal distraction devices. Since 1996, we have used the devices to perform internal midface and cranium distraction procedures.
We devised two titanium three-part internal distraction devices, one for the midface and one for the cranium. The internal device used for midface distraction has three parts: a U-shaped hook, a round plate, and a distraction shaft (Fig. 1 upper) . The U-shaped hook and the round plate are placed respectively, on the zygomatic bone and temporal bone and secured using microscrews. The threaded distraction shaft is 3 mm in diameter, and the length varies according to the application requirements in each case. Female threads are formed on a part of the round plate. When the distraction shaft is rotated by one turn, 0.5 mm of distraction is obtained. After the consolidation period, the shaft can be removed easily by turning it in the opposite direction. The other parts of the device may be removed or left in place, if no conspicuous extension is apparent.
The internal device for cranium distraction consists of two small plates and a shaft (Fig. 1 lower) . The shaft is the same as that used in the midface device.
Surgical Technique for Midface Distraction
The midfacial region is extensively undermined below the periosteum via a coronal incision and bilateral subcilia incisions of the lower eyelids. A Le Fort III osteotomy with complete mobilization is performed prior to the initiation of midface distraction. In undertaking the Le Fort III osteotomy the midface should be completely separated from the cranium. After being fully mobilized, the midface segment is restored to its original position. A pair of internal distraction devices are then symmetrically positioned bilaterally. The distraction vector of the midface is set in an anteroinferior direction according to the normal growth vector. The U-shaped hook and the round plate are fixed, respectively, on the zygomatic bone and the temporal bone and secured using microscrews. The posterior end of the distraction shaft extends 2 to 3 cm outside of the scalp.
Surgical Technique for Cranium Distraction
A complete osteotomy of the cranial bone is performed using a craniotome; however, it is never detached from the underlying dura because adequate blood supply must be maintained. An internal distraction device is then placed on both sides of the osteotomy line and secured using microscrews. In the treatment of coronal synostosis, the frontal bone is surgically cut en bloc with the upper half of the orbit (the forehead complex) and distracted along the horizontal vector according to the direction of normal growth. The posterior end of the distraction shaft is extended by 2 to 3 cm outside the scalp.
In patients with has both forehead and midface hypoplasia, combination forehead and midface distraction (Le Fort IV distraction) is undertaken (Fig. 2) . This procedure is achieved by undertaking a Le Fort III midface distraction combined with a forehead complex distraction procedure. The forehead and the midface are distracted in dif- The round and U-shaped plates are placed, respectively, on the temporal bone and the base of the zygomatic arch and secured using microscrews. Lower: Two small plates are placed on the cranial bone and secured using microscrews. The distal end of the axis is exposed from the scalp for activation. This device can be used universally for other craniofacial bones such as the mandible. ferent vectors according to the normal growth directions (Fig. 3) .
Distraction Phase
Gradual distraction is initiated 1 week after the surgery, at a rate of 0.5 mm per day for the cranium and 1.0 mm per day for the midface. A lateral cephalogram and occlusal condition are assessed every week. After the distraction process is completed, callus maturation takes 2 to 3 months. During this period, the distraction shaft that extends outside the scalp is cut as short as possible.
There are no special restrictions in the patient's daily activity. Patients are allowed to bathe and wash their hair. Hair washing should be encouraged to prevent infection from the exposed part of the shaft.
At the end of the period during which callus maturation takes place, the distraction devices are removed after a general anesthesia has been induced. In the cases in which zygomatic bone plates and temporal bone plates are not extracranially conspicuous, only the distraction shaft may be withdrawn. The removal of the distraction shaft is accomplished by rotating the shaft in the reverse direction, and it can be conducted easily without the need for an anesthetic.
RESULTS
Thirteen of the 23 patients underwent a Le Fort III midface distraction procedure. In the remaining 10 cases the distraction involved the cranial bone (Table 1) . Six patients underwent a Le Fort IV proceedure in which combined midface and forehead distraction was performed by placing multiple internal devices.
The average distraction lengths for the midface and the cranial bone were 17 mm and 10 mm, respectively. Throughout the period during which distraction was being applied, there were no major complications such as intracranial infection or neurological deficits. As for minor complications, local infection, probably secondary to subcutaneous hematoma, was noted in two cases, but it subsided within 1 week, and distraction was continued thereafter without any additional problem. Dislocation of the distraction shaft occurred in one case, but this was easily restored under a fluoroscope, and the patient did not require an anesthetic.
CASE ILLUSTRATIONS

Case 1
This 7-year-old girl with Crouzon syndrome presented with brachycephaly and a hypoplastic midface (Fig. 4  left) . A hypoplastic midface and a short anterior cranial base were demonstrated on 3D CT scanning (Fig. 4 center and right). She had undergone no previous craniofacial surgeries. We performed a Le Fort IV distraction, (combined midface and forehead distraction) after undertaking a Le Fort IV osteotomy. In the cranium, the frontal bone with the upper half of the orbit was not detached from the underlying dura. The midface and the forehead were simultaneously distracted in different directions by using two pairs of internal distraction devices. The frontal bone was distracted horizontally, and the midface was distracted in an anteroinferior direction.
The distraction process was initiated 1 week after the surgery, at a beginning rate of 1 mm per day for the midface and 0.5 mm per day for the cranium. After 22 days the frontal bone had been distracted by 9 mm and the midface by 16 mm. Callus maturation was observed 2 months postdistraction. After this period, the internal distraction devices were removed after induction of general anesthesia ( Fig. 5 upper left) .
There were no treatment-related complications such as pain, bleeding, infection, or neurological deficits during the period in which distraction was applied.
On the postoperative 3D CT scan osteogenesis was demonstrated at the orbital rim and cranium ( Fig. 5 upper  right) . The anterior cranial base was markedly enlarged (Fig. 5 lower left) . The S-N distance changed from 58
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Distraction osteogenesis in craniosynostosis to 68 mm, and the distance between nasion and ANS changed from 41 to 52 mm ( Fig. 5 lower right) .
Case 2
This 3-year-old girl with Crouzon syndrome underwent a Le Fort IV distraction (Fig. 6 upper left and center) . The forehead complex was distracted horizontally by 8 mm, and the midface was distracted anteroinferiorly by 12 mm. The appearance was markedly improved after this procedure ( Fig. 6 upper right) . Postoperative 3D CT scanning revealed the forehead and midface were successfully distracted ( Fig. 6 lower left) . The S-N distance changed from 57 to 65 mm, and the distance between the nasion and ANS changed from 37 to 42 mm (Fig. 6 lower right) .
Case 3
This 28-year-old man with Crouzon syndrome had undergone multiple craniofacial osteotomies, including a conventional Le Fort IV osteotomy and advancement of the craniofacial skeleton in our unit. However, the patient suffered a relapse (Fig. 7 upper left and right) . Because there were multiple bone defects on the craniofacial bone and an abscence of the soft-tissue elasticity due to scar formations, a Le Fort IV distraction was conducted. Two years postdistraction the patient had experienced almost no recurrence of the deformity (Fig. 7 lower) .
DISCUSSION
Distraction Device
Of the two devices used in craniofacial distraction osteogenesis, one is externally applied to the wound and one is internally applied. In the external distraction device, 15 halfpins that have a screw on one side are transcutaneously inserted into the bones proximal and distal to the osteotomy line, and these halfpins are attached to the external fixator to which the distraction mechanism is attached. The internal distraction device 7 is fixed onto the bones and embedded subcutaneously except the one side of the shaft.
There are advantages and disadvantages to the two devices. The external distraction device is relatively large, and it is conspicuous in terms of its cosmetic appearance.
There are some limitations that interfere with daily life of the patients. The most remarkable disadvantage is that skin lacerations may be caused by the movement of halfpins. 8 Moreover, the external device can hardly be used for cranial distraction because of the need to insert half-T. Akizuki, Y. Komuro, and K. Ohmori pins. Because of these disadvantages, the internal distraction device is now used in all cases at our facility.
Although the internal distraction device does not cause skin lacerations during the process of distraction, one of its disadvantages is that the surgical technique is somewhat complicated. Another disadvantage is that an additional surgical procedure is necessary to remove the devices after the completion of distraction osteogenesis.
Advantage of Distraction Osteogenesis
Compared with conventional craniofacial procedures, distraction osteogenesis has many advantages 10, 16 in that the operative time and blood loss are decreased, and the surgery is simple and less invasive. The most remarkable advantage is that bone grafting is not necessary. In the conventional method, craniofacial skeleton is advanced in a single stage, and bone graft material is implanted into the defect area created by the craniofacial advancement.
In cases in which the patients are infants or in patients who have repeatedly undergone craniofacial osteotomy, a sufficient quantity of bone graft material cannot be collected in many cases. If a sufficient quantity of bone graft cannot be implanted, then dead space is created at the defect site, and this often leads to postoperative infection or a high rate of bone resorption. Furthermore, this results in a recurrence of deformity. 5 In the distraction osteogenesis, because dead space at the osteotomy site is rarely created, the possibility of postoperative infection or deformity recurrence is reduced compared with the conventional method.
In a patient with severe craniosynostosis, the cranial bone should be advanced substantially. In this case, an extradural longstanding dead space may be created just behind the advanced frontal bone. Moreover, the vascularity of the advanced frontal bone is absent or very poor in cases in which the conventional procedure is undertaken. In these circumstances, intracranial infection, which may cause a severe or lethal problem, tends to occur easily.
On the other hand, distraction osteogenesis has many advantages in that the surgically cut bone segment has good blood supply because it is never detached from the underlying dura. This means that almost no extradural dead space is produced. Because of these advantages, distraction osteogenesis is considerably safe in terms of intracranial infection.
In the cases in which a markedly hypoplastic skeleton is shown, the skeleton should be extensively advanced. The amount of craniofacial advancement is often limited because the extension of the soft tissues is limited. 7 In the conventional surgical method, the distance of craniofacial advancement is limited to approximately 10 mm both in the cranium and the midface. On the other hand, in distraction osteogenesis, the soft tissues are also gradually distracted, and advancement of more than 20 mm may be achieved.
Regarding the fixation of the surgically cut bone segment when using the conventional method, the advanced skeleton must be firmly secured using multiple miniplates. In the cases of an infant, the bone at the fixation point may not be firm enough to bear the stress of the screws and plates. Furthermore, there is the additional problem of the plate becoming embedded in the bone because of bone growth after surgery.
14 In such cases, distraction osteogenesis may be useful because vigorous potency of osteogenesis exists in the infant patient.
Problems and Future Prospects
In procedures involving distraction osteogenesis of the cranial bone, the procedure's influence on the brain, ventricles and intracranial pressure should be elucidated. 8 The rate and maximum degree to which distraction is applied should be investigated to achieve a safe distraction of the cranium.
The essential issue in midface distraction osteogenesis is how to determine the proper vector of distraction. 15 We performed a simulation on a preoperative lateral cephalogram to determine the vector and the amount of distraction to be applied. Additional studies to elucidate these factors should be conducted.
The relapse of the distracted skeleton is also an essential issue to be solved in the future. It is our impression that the relapse of the distracted skeleton occurs less frequently in distraction osteogenesis, but a longer follow-up period is required to confirm this.
One of the future prospects of craniofacial distraction osteogenesis is to develop an entirely new osteotomy line not limited by bone grafting or bone fixation. Another future prospect is to undertake a much less invasive craniofacial distraction osteogenesis by using an endoscope 11 and completely embedding the internal devices.
CONCLUSIONS
Since 1994, we have used distraction osteogenesis for the treatment of more than 20 patients with craniosynostosis. In our earliest treated cases, an external distraction procedure was conducted. Since 1996, after developing internal distraction devices, we have performed internal procedures in which the distraction devices are applied internally.
Hypoplastic skeletons such as frontal bone or midface were completely surgical split, the frontal bone distracted forward, and the midface distracted in the anteroinferior direction. In some cases, the midface and the forehead were simultaneously distracted by using multiple internal devices.
In our patients no major complications were demonstrated during the period in which distraction was being applied. The osteogenesis that developed at the distraction site was considered satisfactory, and relapse in the followup period was minimal.
Distraction osteogenesis for craniofacial skeletons has numerous advantages: 1) bone grafting is unnecessary; 2) the procedure is less invasive, has a shorter operating time, and there is less blood loss than in conventional craniofacial procedures; 3) no intracranial dead space is produced; 4) good blood flow to the bone segment is maintained; and 5) soft-tissue expansion occurs. We believe that distraction osteogenesis is in no way inferior to the conventional osteotomy and skeletal advancement.
There are many issues to be solved in this procedure such as type of distraction devices to use, the direction in 
